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y.^atcnai ill aLuve iracuons pointed to trie saturated diterpenoid phytanic acid, which 

induced RXR-dependent transcription a ' hough 

200 times more potent than phytanic acid, *cka was t amounts 

of extract and cannot be present at a concentration e activity. 

/as synthesized and stimulated RXR with a 



potencies match their micromolar circulating concentrations. Given their exclusive di- 
etary origin, these chlorophyll metabolites may represent essential nutrients that coor- 
dinate cellular metabolism through RXR-dependent signaling pathways 



INTRODUCTION 

Nuclear receptors are transcription factors that regu- 
late gene expression in response to lipophilic ligands 
such as steroid hormones (Yamamoto, 1985). Ligand 
binding increases the receptor affinity for hormone- 
responsive DNA elements (HREs) near target genes 
that promote specific transcriptional control (Glass, 
1994). A large family of receptors coordinates cell 
physiology through these hormone-regulated gene 



® Corresponding author. 



networks (Evans, 1988). The kindred includes struc- 



Activators for orphan receptors have been found by 
testing compounds in cells transfected with the corre- 

1 Abbreviations used: ATRA, all-trans retinoic acid; FBS, fetal 
bovine serum; 9cRA, 9-cis retinoic acid; RAR, retinoic acid re- 
ceptors. 



© 1996 by The American Society for Cell E 



i>. Kitareewan et al. 



sponding receptor and HRE-linked reporter genes 
(Giguere et al, 1986; Green and Chambon, 1987). Al- 
- dosterone, retinoic acid, and ecdysone are some of the 
ligands matched with receptors via these "cis-trans" 
assays (Arriza et al, 1987; Giguere et al, 1987; Petkov- 
ich et al, 1987; Koelle et al, 1991). The nanomolar 
affimties of these ligands contrast with the micromolar 
amounts of fatty acids or prostaglandin J 2 required to 
activate PPARa and PPAR 7 , respectively (Gottlicher et 
al, 1992; Keller et al, 1993; Forman el al., 1995b; 
Khewer et al., 1995). Similarly, metabolites of farnesyl 
Pyrophosphate (farnesoids) are needed at micromolar 
levels to induce FXR (Fora 
and farnesoids have been 
ological effectors for PPAR 
1993; Weinberger, 1996). / 
lated by PPAR are linked fc 

fatty acids have been detected in PPAR-inducing chro- 
matographic fractions from human plasma (Banner et 
al, 1993), direct interactions of fatty acids with PPARs 
have not yet been demonstrated. 

RXR is a unique member of this orphan receptor 
family that facilitates many signaling pathways by 
heterodimerizing with receptors activated by thyroid 
hormones, retinoids, vitamin D, fatty acids, and far- 
nesoids (Manglesdorf and Evans, 1995). RXR partners 
also include the orphan receptors COUP (Kliewer et al 
1992), NGFIb/nurrl (Forman et al, 1995c; Perlmann and 
Jansson, 1995), and UR/LXR subfamily members (Song 
et al, 1994; Teboul et al, 1995; Willy et al, 1995). The 
variety of these interactions suggests that RXR performs 
a key regulatory role in cell physiology. 

Surveys of chemical compounds revealed all-trans- 
retmoic acid (ATRA) 1 as an RXR inducer (Mangles- 
dorf et al, 1990). However, ATRA did not bind RXR 
with high affinity, supraphysiological levels were re- 
?o io? l° r activit y' and receptors for retinoic acid 
(RAR) had already been identified (Giguere et al 
l ™£ Petk °vich et al, 1987). Thus, it was proposed that 
ATRA might be metabolized to a more active form 
(Manglesdorf et al, 1990). Indeed, ATRA isomerizes to 
9-tts-retmoic acid (9cRA), which activates RXR with a 
greater potency (Heyman et al, 1992; Levin et al 
1992), but activation of RXR and RAR by 9cRA limits 
its physiological specificity (Allegretto et al, 1993) 
identification of RXR-specific synthetic "retinoids" 
and methoprene acid (Lehmann et al, 1992; Boehm et 
al, 1994, 1995; Harmon et al, 1995), coupled with an 

^ 7 t0 det6Ct 9cRA in rat serum ( K °J" im a <* «l, 
1994), may argue for the existence of other endoge- 
nous RXR-selective terpenoids. 

An important question emerging from receptor li- 
gand searches is the following: How are the pharma- 
activators to be distin- 
ty is one measure, but 
y with its abundance in 
critical. That is, the intra- 



MATERIALS AND METHODS 

Reagents 

Fatty acids and other chemicals for enzyme assays were purchased 
from Sigma Chemical (St. Louis, MO). Cell culture reagents were 
obtained from Life Technologies (Gaithersburg, MD) 



Cell Culture and Transfections 
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plasmid DNAs were added per 10 s transfected CV-1 cells. For the 
TK-(CRBPII)-LUC plate, 300 ng TK-(CRBPII)-LUC, 500 ng CMX-/3- 
gal, and CMX-hRXRa were added per 10 5 transfected CV-1 cells. 

Enzyme Assays 



(0.5 fd) of the reaction mixture was injected onto a Quadrex meth- 
ylphenyl 5 capillary GC column (30 X 0.25 mm ID, 0.25 mm film) in 



tivity (20 /id; Seed and Sheen, 1988) or /3-galactosidase activity (2 /J; 
Herbomel et al, 1984). Luciferase activity was measured as de- 
scribed in Berger et al. (1992). 

Bovine Serum Extraction 

FBS (Life Technologies) or serum from bovine blood (freely grazing 
steer raised on silage at North Carolina State University School of 
Veterinary Medicine) were extracted with chloroform and methanol 
solvents (Bligh and Dyer, 1959). Briefly, 10 ml of serum was mixed 
with 37.5 ml of chloroform and methanol (2:1) and vigorously 
shaken for 15 min. The mixture was centrifuged at 2000 X g for 20 
min. To the supernatant was added 12.5 ml each of water and 
chloroform to separate the phases. The mixture was centrifuged at 
9000 X g for 15 min, and the chloroform phase was collected. 
Alternatively, serum was saponified (2 M KOH at 70°C for 30 min) 
and twice extracted with diethyl ether. Next, the aqueous solution 
was acidified with concentrated HC1 and then extracted with ether 
again. Chloroform, methanol, or ether was removed by rotary evap- 
oration under vacuum (Buchi Rotavapor R-124 or Speed Vac 
SC210A; Savant, Farmingdale, NY). 

High Performance Liquid Chromatography 
Pure chemical standards or bovine serum extracts were resus- 
pended in 80% methanol and injected into a 1 ml Rheodyne sample 
loop connected to a Beckman System Gold high-performance liquid 
chromatography unit (HPLC). The LC system consisted of an RP18 
guard column (15 X 3.2 mm, RP18; Alltech, Deerfield, IL) linked to 
a separation column (4.6 X 25 cm, Econosphere C18, 5 /x particle 
size; Alltech) and a Gilson FC 203B fraction collector (Middleton, 
WI). UV absorbance was monitored with a Beckman diode array 
detector module 168. The sample was eluted with an 80% metha- 
nol/20% 10 mM ammonium acetate mobile phase for 5 min, after 
which a linear gradient (80-100% methanol, 20 min) was applied 
and held at 100% methanol for 10 min. Fractions were collected, 
dried, and dissolved in DMEM/F12 containing 5% dextran-coated 
charcoal-absorbed FBS for measurement of CAT activity in the 
cis-trans assay. 

Silica Gel Chromatography 

Pure phytanic acid or a chloroform extract of bovine serum was 
loaded on a silica gel column (4 cm wide X 10 cm height) and eluted 
with 20% ethyl acetate/80% hexane. In all, 8-ml fractions were 
collected in 13 X 100-mm glass test tubes, dried by rotary evapora- 
tion, resuspended in media containing charcoal-adsorbed FBS, and 
tested in the cis-trans assay as described. 

Mass Spectroscopy 

Gas chromatography/mass spectrometry (GC/MS). The trimethyl- 
silyl (TMS) derivative of serum fraction 23 and the phytanic acid 
standard were prepared by reacting 5 /u.1 of each sample with 10 jul 
of N,0-bis(trimethylsilyl)trifluoroacetamide (Supelco, Bellefonte, 
PA). Reaction mixtures were heated at 70°C for 15 min. An aliquot 



Fast atom bombardment. A VG ZAB-4F magnetic sector instrument 
was used to obtain fast atom bombardment (FAB) data at an accel- 
erating voltage of 8 kV. An Ion Tech atom gun and xenon atoms 
were used to bombard the sample. The samples were introduced 
into the mass spectrometer via a coaxial continuous-flow FAB in- 
terface. This interface uses a coaxial arrangement of fused silica 
capillaries to independently deliver the FAB matrix (glycerol) and 
the analytes. The instrument was scanned from 1000 to 100 daltons 
at 5 s/decade to acquire the full-scan negative ion data. 
Electrospray/ionization MS. Measurements were made on a 
Fisons-VG Quattro BQ triple-quadrupole mass spectrometer 
equipped with a pneumatically assisted electrospray ion source 
operating at atmospheric pressure. The HPLC fractions containing 
biologically active material and phytanic acid were reconstituted in 
acetonitrile and mixed with equal volumes of the LC mobile phase 
(80% acetonitrile/20% water containing 1% ammonium hydroxide). 
Samples were introduced by loop injection into the mobile phase at 
a flow rate of 8 p.] /min, and spectra were acquired in the negative 
ion continuum-mode scan rate. The mass scale was calibrated with 
polyethylene glycol with an average molecular weight of 400 atomic 
mass units (amu). Theoretical isotope distributions were computed 
with Fisons Instruments Opus software. 



Synthesis of Phytenic Acid 

Phytenic acid was prepared from phytol (Sigma) by adapting a 
two-step Mn0 2 oxidation procedure (Corey et al., 1968). Phytol was 
oxidized to phytal by using activated Mn0 2 (Aldrich Chemical, 



ene group is 2.07 ppm. For the cis isomer, the methyl group is 
relatively shielded by the carbonyl group (1.84 ppm), and the meth- 
ylene group is relatively deshielded (2.56 ppm). 



Hormone Binding 

[ 3 H]-ATRA or [ 3 H]-9cRA binding to baculovirus-expressed RAR(a, 
/3, y) or RXR(a, /3, y) polypeptides was measured as described 
previously (Allegretto et al, 1993). Receptor genes expressing these 
recombinant proteins were all of human origin except RXR/3 and 
RXRy, which were derived from the mouse. The assay buffer con- 
sisted of 8% glycerol, 120 mM KC1, 8 mM Tris-HCl, 5 mM CHAPS, 

4 mM dithiothreitol, and 0.24 mM phenylmethylsulfonyl fluoride, 
final pH 7.4 (room temperature). The final volume for binding 
assays was 250 which contained 10-40 /ng of protein extract plus 

5 nM of [ 3 H]-ATRA for RARs or 10 nM [ 3 H]-9cRA for RXRs, plus 
varying concentrations of competing ligands. Incubations were per- 
formed at 4°C until equilibrium was achieved. Nonspecific binding 
is defined as that binding remaining in the presence of 1 /mM of the 
appropriate unlabeled retinoid isomer. At the end of the incubation, 
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1 li 25 * tydroxylapatite was added in the appropriate wash 

SS™ n^T ? "v^ TriS - HC1 ' Md either 5 mM CHAPS 
_ [RXRs] or 0 5% Triton X-100 [RARs]) to bind the receptor-ligand 
complexes. Matures were vortexed and incubated at room temper- 
t™±l°*™ ^and . centrifuged, and the supernatants were re- 
i were washed two more times with 
ligand complexes were determined 
of the pellets. After correcting for 
■ were determined. The IC 50 value is 
>n of competing ligand required to de- 
crease specific binding by 50%, which is determined graphically 

sXl973°) m l0S " l0git Pl0t ° f * e data (Ch 4 ™ d P ™ 



RESULTS 

RXR Effector Activity from Bovine Serum 

We initially attempted to identify activators from bo- 

called OR6, which binds to an AGGTCA direct repeat 

S P v^f r at6d by 4 bp (DR4) ' but ° nl y in the P rese ^e 
of RXR (TJmesono et al, 1991). CHO cells were trans- 
acted with a DR4-linked CAT reporter plasmid DNA 
along with an OR6 expression vector, and CAT activ- 
ity was measured. A lipid extract of FBS was added 
(Bhgh and Dyer, 1959), but this had no effect on CAT 
activity (our unpublished observations). Although the 
6 ?J a ? o^ U ! ated activit y ei § htf old when RXR was 
added, RXR alone showed a similar effect (our unpub- 
lished observations). These results suggested that the 
through RxT aCtiVat ° r mediatin § its effects 

Therefore, the serum effector was compared with 
9cRA, a previously described RXR effector from liver 
(Heyman et al, 1992). The chloroform extract of serum 
was separated by reverse-phase HPLC, and the eluted 
fractions were tested for RXR effector activity. Unex- 
pectedly, the RXR activator had a retention time (RJ 
between 19 and 22 min (Figure 1), which did not 
coincide with the elution profile for a 9cRA standard 
atp~a mm) - P ecause 9cR A ^ chemically similar to 
A1KA, we added a tracer amount of [ 3 H]-ATRA (1 
nM) to a serum sample to ask whether retinoic acid 
could be extracted by this method. Nearly all of the 
radioactivity (83%) was found in the chloroform frac- 
tion thus supporting the utility of the Bligh and Dyer 
Srvations) 1 " eXtraCting retinoids ^ unpublished ob- 

RXR Effector Activity Is Distinct from 9cRA 

n serum may have been 
; Bligh and Dyer method, 
d to isolate retinoids was 

ments as potential sources 
that are sometimes given to 
serum from a freely grazing 



SrZ BY* I , ° f ^ effeCtOT aCdVit y fr0m b0Vlne 

serum. RXR effector activity profile from chloroform extract of FBS 
ftachonated by reverse-phase HPLC. The chloroform fraction from 
2 ! ™ r D >' er 1 f x i ract of 20 ml of FBS was separated by reverse- 
^,r?o methods, as described in MATERIALS AND METH- 

ODS two-minute fractions were pooled and tested for RXR effector 
activity with the cotransfection a 
were transfected with 1.25 ,ug o 
(Umesono et al, 1991), 0.25 jag 
CMX-mouse RXRa, 1.25 jxg of p 
The pCHlll plasmid (Yao et al 
was included to correct for dif 
Normalized CAT activity was p 

mJth d H A tk CRA Standard h3d 3 retenti0n time of 7 mi * via this 
msut Nnt e t e > 1 X f t r ent ff WaS P er / ormed thr ee t^es with similar 
results. Note that the coefficient of variation for CAT activity mea- 
surements is typically <15%. ' 



ether extracted, and then the aqueous phase was acid- 
ified and extracted with ether again. [ 3 H]-ATRA in a 
E w Sample Was q uan titatively extracted by ether 
(95%) from the acidified aqueous solution, marking 
tins as another effective means for retinoid isolation 
In contrast, RXR-inducible CAT ? 
only in the ether extract 
unpublished observations 
rated by the HPLC conditi 
ure 1), and the 1-min frai 

tested for RXR effector activity. An RXR-specific 
activator (R = 23-24 min, Figure 2A) was identified 
that eluted later than ATRA or 9cRA (R t = 8.8 and 
7.5 min, respectively). Therefore, both saponified 
and nonsapomfied serum extracts contained an RXR 
activator with chromatographic properties distinct 
from 9cRA. 

It was conceivable that retinoids were destroyed 
by this rigorous extraction method. Therefore 
UN As for the human retinoic acid receptor (RARa) 
and /3RARE-CAT reporter were transfected into 
C ATPA t0 ? ermit detect i°n of the RAR activators 
foom ? retmo1 (Gi § uere et al, 1987; Sucov et al, 
1WU). Activities coincident with 9cRA, ATRA (R = 
7. 5 and 8.8 min), and retinol (R t = 20 min) were 
confined to the acidified extract (Figure 2B); none 
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Figure 2. RXR and RAR activators in bovine serum can be ex- 
tracted by saponification and ether extraction. Bovine serum (10 ml) 
was saponified (2 M KOH, heated at 70°C for 30 min) and extracted 
with diethyl ether. The aqueous phase was acidified, and ether was 
extracted again. Basic and acidic ether extracts were dried and 
fractionated separately by reverse-phase HPLC, as described in 
MATERIALS AND METHODS. (A) Separation of RXR activators 
from bovine serum by reverse-phase HPLC. One-minute fractions 
were collected and dried, and a portion (5%) was taken up in a 
medium containing 5% charcoal-adsorbed FBS for testing by cis- 
trans assay, as described in Figure 1. (B) Characterization of RAR 
activators from bovine serum by reverse-phase HPLC. Three- 
minute fractions were tested by cotransfecting an SV-(j3RARE) 2 - 
CAT reporter plasmid and a plasmid DNA expressing the human 
RARa receptor into CHO cells, essentially as described in Figure 1. 
Symbols: shaded bars, acidic extract; closed bars, basic extract Fold 
induction values are relative to control samples containing metha- 
nol vehicle A control sample in B containing 200 nM ATRA showed 
a 4 9-fold induction by comparison 



was found in the ether extract of the basic solution 
in which the RXR effector activity was observed. In 
addition, a broad range of activity more polar (R t < 
20 min) than retinol was seen. This material may 
correspond to hydroxylated retinol metabolites, 



such as 4-oxo-retinol, the acid derivative of which 
was shown to activate RAR (Pijnappel et al, 1993). 
Nevertheless, although peaks of activity cannot be 
assigned, it is clear that RAR and RXR activators 
have distinct pH-dependent partitioning character- 
istics in ether. Moreover, the functional integrity of 
RAR activators is maintained during extraction. By 
inference, 9cRA should have been found in the 
acidic fraction, but no corresponding RXR effector 
activity was detected here (our unpublished obser- 
vations). These results suggest that the bovine se- 
rum activator is distinct from 9cRA, but they do not 
exclude the possibility that 9cRA may still be an 
intracellular signal in the liver or kidney, where it 
was originally described (Heyman et al, 1992). 

Fatty Acids Copurify with RXR Effector Activity 
To characterize the molecular structure of the RXR 
activator, the active fraction of the basic ether extract 
(R t = 23 min) and two adjacent inactive ones (R t = 22 
and 25 min) were analyzed by various mass spectro- 
metric techniques. Negative ion electrospray spectra, 
obtained by flow-injection analyses of these fractions, 
contained ions of m/z 283 and 311 (Figure 3A). The 
abundance of the m/z 311 ion corresponded to the 
RXR activities in these fractions (Figure 2A), whereas 
the abundance of the m/z 283 ion did not follow the 
RXR activities. Relative isotopic abundance measure- 
ments for these negative ions predicted the molecular 
formulas C 18 H 36 0 2 and C 20 H 40 O 2 for the molecular 
weight 284 and 312 Da components, which are consis- 
tent with the elemental compositions of stearic acid 
and phytanic acid, respectively (our unpublished ob- 
servations). The same two prominent (M-H)~ ions, 
m/z 283 and 311, were also observed by negative-ion 
fast atom bombardment mass spectrometry (our un- 
published observations). 

GC/MS analysis of the TMS-derivatized saponified 
sample showed a peak corresponding in mass to the 
(M-CH 3 ) + - fragment ion (m/z 369) of the TMS deriv- 
ative of phytanic acid, as well as a low-abundance 
peak corresponding to the molecular ion (m/z 384). 
The full-scale mass spectrum and the retention time of 
this component were in agreement with those of the 
TMS derivative of authentic phytanic acid (Figure 3B), 
run under identical conditions. Cochromatography of 
the sample and the phytanic acid standard gave a 
single peak in the reconstructed ion chromatogram for 
m/ z 369, as well as for other characteristic ions. 

Phytanic Acid Is the Serum RXR Activator 
A single chromatographic step was deemed unlikely 
to have separated the RXR activators from other se- 
rum components. Nonetheless, the above results 
prompted us to examine a collection of fatty acids for 
RXR activation. Although linoleic, oleic, stearic, farne- 
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donic acids (40 „M) were tanic add standard coeluted with the serum RXR 
achvator when separated by silica gel chromatogra- 
phy W1 th 20% ethyl acetate in hexane as T e devel- 
oping solvent (Figure 4D). Together these results 
tof^t^dc^iL^ aCtiVat ° r ^ serum corresponds 

Detection of Phytenic Acid 

The DR4-CAT reporter plasmid was originally se- 
lected for isolating RXR activators from bovine - 
rum m favor of CRBPII-CAT because of its more 

cells (Figure 4A). Despite 
had not been previously 

onsive element, and thus 
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)de array detector module 168. One nanomole of 9cRA was separately 
e that the delay time between absorbance measurement and fraction 
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herpes simplex virus thymidine kinase promoter 
that was linked to the firefly luciferase gene (For- 
- man et al., 1995c). These reporter plasmids were 

CMX-GAL4-RXR (Forman et al., 1995c), a chimeric 
receptor fusing the GAL4 DNA-bindi'ng domain to 
™^ man RXRa h S an d-binding domain, or with 
CMX-human RXRa (Yao et al, 1993) as the respec- 
tive receptor plasmids. r 

A chloroform extract of FBS (Bligh and Dyer 1959) 
was separated by reverse-phase HPLC as described in 
Hgure 2B, but this time the eluate was collected in 0 3 
mm fractions to afford greater analytical resolution. 
Ihe material was divided in half, each was added to 
the two sets of CV-1 cells cotransfected as described 
above, and normalized luciferase activities were mea- 
sured. The superimposable profiles contained two 
peaks of activity (19.0 and 21.6 min; Figure 5) corre- 
sponding to the absorbance profiles for phytenic acid 
and phytanic acid, respectively (R t = 18.2 and 20 8 
nun for this particular column). The amounts of serum 
extract used for these assays were ~10-fold greater 
than those used earlier (Figure 2, A and B). Thus the 
cytotoxicity shown in two adjacent fractions (R t -21 
mm) may have been due to increased amounts of 
before phytanic acid (Fig- 
:enic acid now became de- 
ire 2A), a peak coincident 
was not found. Thus, these 
d tne results previously ob- 
tained with the DR4-CAT reporter plasmid to define 

extracts phytenic acid in bovine serum 

Phytol Metabolites Bind and Activate RXR 

letabolites derived from the 
yll (Figure 6A) were corn- 
stimulation of RXR, using 
sorter plasmid. Synthetic 
of 40% cis and 60% trans 
ZZTuTV^u ^ with PVtanic acid, pristanic 
acid, and 9cRA. The dose responses for RXR activation 
acids were similar, having 
ereas pristanic acid, a phy- 
llated with a lower potency 
By comparison, 9cRA in- 
■ation ~200-fold lower than 
acid or phytenic acid. Test- 
s of phytenic acid at 32 /dVI 
arH ™ f A k t u , mer induced RXR effector 
activity 4.5-fold, which paralleled that of phytanic 
acid, whereas the cis isomer was nearly inactive (our 

j-tanic acid with RXR was 
'H]-9cRA bound to bacu- 
>roteins with unlabeled 



12 16 20 24 

retention time (min) 



JAS G ) 4 -LUC reporter and GAL4- 
rcles) plasmid DNAs by liposome- 
n MATERIALS AND METHODS, 
le-half of the fractionated extracts 
tes were used to assay luciferase, 
:ivities as described (Berger et al., 
■ ,, , , ' u rements were performed which 

typically exh.bit 10% variations in this assay. Fold MucS 
expressed as the relative luciferase activity in the presence of 
fractionated extracts as compared with untreated cells. Th ^cyto- 
toxicity in two fractions at 21 nun ,s denoted Ln :ei „ |, n lons 
Dupl^cate c ,ntrol wells to which Uu FXR ctivator |H 11 ' 
was added showed onefold indu ,o, those to which the RXR 
specific hgand LG69 (100 nM; Boehm et al, 1995) was added 

o'r GAL4 CA^ ^ indUCU ° nS ^ using CR^BPI -CaI 

DhvS^ ^H ^^'.^Pectively. Elution positions for 
phytenic acid and phytanic acid (corresponding to absorbance 
peaks measured at 220 nm) were R[ = 18.2 and 20.8 min respec- 
tively, and are denoted by arrows. F 



Molecular Biology of the Cell 



Chlorophyll Metabolite RXR Activators 



phyto 



DISCUSSION 

Refsum's Disease 

The diterpenoid structure of phytanic acid (Sonneveld 
et al, 1962; Lough, 1964) suggested that it might be 
synthesized from mevalonate, but neither endogenous 
biosynthetic routes nor intestinal microbes contribute 
to circulating pools in mammals (Steinberg, 1965, 
1967). Phytol metabolites in animal tissues are exclu- 
sively derived from the phytyl side chain of chloro- 
phyll. Phytanic acid may be elevated 50-fold and con- 
stitute >20% of the fatty acids in patients with 
Refsum's disease, an inherited metabolic disorder 
characterized by an a-hydroxylase gene defect that 
prevents phytanic acid conversion to pristanic acid 
(Figure 5A; Steinberg, 1983). The neuropathological 
signs in these patients may be caused by demyeli- 
nation induced by a-oxidation of phytanic acid in 
nerve cells that maintain a preference for long-chain 



B 



I 

5 



10" 7 10" 6 10 5 10- 4 

[activator], M 

Figure 6. Various chlorophyll metabolites activate RXR. (A) Met- 
abolic pathway from chlorophyll to pristanic acid. First, the phytol 
ester is hydrolyzed, which is followed by oxidation to phytenic acid. 
Phytenic acid is then hydrogenated to phytanic acid and a-hydroxy- 
lation; oxidation leads to pristanic acid. Pristanic acid is finally 
metabolized by fatty acid /3-oxidation pathways. The trans isomers 
of phytol and phytenic acid are illustrated here (B) RXR effector 
activity induced by phytol metabolites and 9cRA Increasing 
amounts of 9cRA, phytanic acid, phytenic acid (40% cis/60% 
trans isomer mixture), and pristanic acid were added to cells 
transfected with the RXR-specific CRBPII-CAT reporter plasmid 
and mouse RXRa. CAT activity was measured from duplicate 
wells in an assay configured similarly to that described in Figure 
1. Average values for CAT activity from duplicate transfected 
plates are plotted against increasing activator concentrations. 
Symbols: circles, 9cRA; diamonds, phytenic acid; squares, phy- 
tanic acid; triangles, pristanic acid. 



Because these diets raised phytanic acid levels to 
30% of total fatty acids just as in Refsum's disease, 
targeted disruption of the a-hydroxylase gene may 
provide a better approach for understanding the 
pathological effects. 



Phytol Metabolites as Transcriptional Signals 
Phytanic acid and phytenic acid levels in normal hu- 
man serum are 6 ixM and 2 /xM, respectively (Avig- 
nan, 1966). Like other fatty acids, 70% of the phytanic 
acid probably exists as triacylglycerol or phospholipid 
esters that are rapidly oxidized and that vary with 
dietary conditions (Mohrhauer and Holman, 1963; 
Mize et al, 1966, 1969). Although the estimated free 
phytanic acid (2 juM) is only at the threshold for RXR 
stimulation (Figure 4B), equipotent phytenic acid may 
also contribute to the RXR effector pool (Mize et al, 
1966). In addition, the charcoal-treated serum used in 
this bioassay may have adsorbed some of the added 
phytanic acid, thereby reducing its effective concen- 
tration. Phytol is unlikely to be an RXR effector be- 
cause at 50 /xM it neither bound nor activated RXR, 



ria et al, 1982). 

The EC 50 values for RXR activation by phytol me- 
tabolites were estimated assuming that the dose- 
response maxima were reached at 64 /iM (Figure 3A). 
These nonsaturating dose-response curves are 
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I ab iiL5^P etiti ^°lP^ and metabolites for [ 3 H]-ATRAand [ 3 H]-9cRA binding to RXRs 
Compound 



RARa 




RAR-y 


18.2 ±2.1 


17.3 ± 1.8 


14.6 ± l.{ 


> 100 


70 ±30 


>100 


> 100 


74.8 ± 25.3 


88 ±12 


>100 


> 100 


>100 


> 100 


> 100 


>100 



10 2 ± 1.5 
67.2 ± 32.8 



22.1 ± 2.3 

41.9 ± 0.2 
13.3 ± 3.3 
4.1 ± 0.2 
3.7 ± 1.1 



19.8 ± 0.6 

47.1 ± 12.6 
25.6 ± 17.2 
3.6 ± 0.7 
2.4 ± 0.4 



Phytol b 
Pristanic acid b 
Phytanic acid b 
Phytenic acid b 

'Values are in nM and represent the mean ± SEM of two determinations" 

Values are in ,M and represent the mean ± SEM of two delations, except for phytanic and phytenic acid binding to RXRs, where 
Binding assays were performed as previously d escribed (Allegretto et al., 1993). 

probably due to cellular toxicity in which, above 64 
m, the limits for fatty-acid binding to serum albu- 
!f eeded (Herndon et al, 1969; Spector et 
al 1969). Alternatively, some of the natural isomers 
of phytanic acid (Baxter and Milne, 1969) may in- 
hibit RXR binding. Integration of the effector activ- 
ities produced by each of these isomers in the tested 
sample of phytanic acid may thus give rise to the 
nonsaturable activity profile. Nevertheless, given 
that their plasma levels approximate their RXR 
binding affinities and activation potencies, phytanic 
acid and phytenic acid remain compelling candi- 
dates for humoral RXR effectors. 

The units of RXR effector activity caused by phy- 
tanic acid were only crudely assessed in our experi- 
ments, but the activity caused by the injected serum 
sample (Figure 2A) can be accounted for by the peak 
of activity found in fractions 23 and 24. The contribu- 
tion of phytanic acid to the 
estimated on the basis of il 
ml) in bovine plasma (Av 
(0.5 ml) of the 10 ml-exa 
assayed for RXR effector a 

CAT reporter plasmid (Figure 2A). Thus/the 7sti- 

S^ aniC add (0 - 025 m § or 80 nmo1 ) in fractions 
23 and 24 (Figure 2A) in 4 ml of media is 20 uM, which 
approximates the EC 50 value in the dose-response 
curve. Importantly, the induction in this experiment 
was submaximal, evidence for which is given by the 
threefold increase (Figure 2A) as compared with the 
16-rold maximum induction seen in Figures 1 and 4B 
Because phytanic acid and phytenic acid constitute the 
only KXR-mducmg molecular species in serum (Fig- 
ure 5), both seem to define the bulk of activity. 

Distinct Humoral Diterpenoid Activators for RAR 
and RXR ' 

Circulating ATRA levels are 6 nM (Napoli et al, 1985- 
Tang and Russel, 1990), which are sufficient for RAR 



Our data do not exclude the possibility that 9cRA 
may be an intracellular signal. Support for 9cRA as a 
physiological RXR effector comes from a cochromato- 
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graphing 350-nm absorbance peak detected in mouse 
liver and kidney extracts (Heyman et al, 1992). Al- 
though 9cRA binds and activates RXR. with high af- 
finity and potency (Heyman et al, 1992; Levin et al, 
1992), the fractions corresponding to this absorbance 
peak were not tested for RXR activation. Endogenous 
levels of 9cRA were estimated as 4 ng/g (13 nM) of 
liver and 30 ng/g (100 nM) of kidney by measuring 
the areas of absorbance peaks (Heyman et al, 1992). By 
using the estimate for 9cRA in bovine serum (0.5 nM) 
calculated above, humoral 9cRA must be 25 times 
lower than that found in liver. If ATRA serves as the 
precursor for 9cRA, this cellular metabolite must ac- 
cumulate against a considerable concentration gradi- 
ent. Nevertheless, a cellular enzyme may catalyze this 
isomerization, and, thus, both humoral phytol metab- 
olites and 9cRA synthesized in cells may cooperate to 
mediate physiological effects through RXR. Molecular 
structure determination of the RXR effectors extracted 
from other animal tissues may help to resolve this 
issue. 



Candidate Essential Fatty Acids 
Chlorophyll* is best recognized as an energy trans- 
ducer in plants that captures sunlight for oxygen, 
sugar, and lipid synthesis and thereby establishes the 
foundation for animal food chains. Phytol metabolites 
may now strengthen this link between heterotrophs 
and autotrophs by integrating the dietary state of the 
animal with RXR-dependent signaling systems to bal- 
ance the lipid stores in adipose tissue against cellular 
needs. Insights into the functions of phytol metabo- 
lites may emerge from comparisons with linoleic acid 
and other unsaturated fatty acids that are important 
dietary factors synthesized by plants (Burr and Burr, 
1929, 1930; Aaes-Jorgensen, 1961). 

Although they serve as important precursors for 
prostaglandin synthesis (Bergstrom, 1966), unsatur- 
ated fatty acids may also share equally crucial roles as 
receptor signals. For example, linoleic and arachidonic 
acids activate PPARa with a potency of 30 juM (Got- 
tlicher et al, 1992; Banner et al, 1993; Keller et al, 1993). 
Linoleic acid may contribute as much as 20% (40 p,M) 
of the total fatty acids (200 juM) in human or rat sera 
(Swell et al, 1961; Scully et al, 1980). Although these 
levels are within PPARa activation range, other li- 
gands have been noted for PPARy, such as prostaglan- 
din J 2 (Forman et al, 1995b; Kliewer et al, 1995). The 
distinct pharmacological characteristics noted for dif- 
ferent PPARs (Kliewer et al, 1994) may be specified by 
unique subsets of dietary or endogenously synthe- 
sized fatty acids and their oxidized and cyclized me- 
tabolites. A strategy similar to that outlined here could 
also guide the isolation of PPAR effectors from tissue 
extracts. 



Phytanic acid is obtained only from dietary sources 
and is rapidly oxidized just like other fatty acids, but 
its specific nutritional requirement is unknown. Abun- 
dant sources of phytanic acid in human diets are milk, 
cheese, and especially butter (Lough, 1977). The ca- 
loric value of phytanic acid is only fractionally that of 
linoleic acid because of their abundance differences, 
and thus its contribution to cellular energy reserves 
must be low. It remains uncertain whether patholog- 
ical states will develop in animals fed phytanic acid- 
deficient diets. This might be expected, given the num- 
ber of signaling pathways converging with RXR. 
Potential pathological signs could overlap those pro- 
duced by deficiencies of linoleic acid, thyroid hor- 
mones, vitamins A and D, or other ligands whose 
receptors cooperate with RXR. Preparation of diets 
lacking phytol and its metabolites will be critical for 
these nutritional studies. Like the fat-soluble vitamins 
A and E, it may also be necessary to maintain animals 
on phytanic acid-deficient diets for prolonged times to 
deplete stored forms of the fatty acid. 

It may be of interest to note that linoleic acid defi- 
ciency retards animal growth and that butter effi- 
ciently restores the weight lost in rats given fat-free 
diets (Burr and Burr, 1930; Aaes-Jorgensen, 1961). Al- 
though linoleic acid has been shown to be one active 
component, phytanic acid may represent another of 
their postulated "vitamine F" growth-promoting sub- 
stances (Evans and Burr, 1928). Phytanic acid could 
also serve as a growth factor for cells in culture, be- 
cause linoleic acid replacement of serum albumin and 
its bound fatty acids has been shown to increase their 
plating efficiency in serum-free media (Ham, 1963). 

Dietary Lipids as Nutritional Signals 
Phytol metabolites, unsaturated fatty acids, retinol, 
and farnesoids may form a unique class of micromolar 
cellular metabolites that also serve as signals for RXR 
and some of its receptor partners. Linoleic acid and 
other unsaturated fatty acids are candidate physiolog- 
ical PPAR effectors that regulate the genes for en- 
zymes involved in lipid metabolism (Keller and 
Wahli, 1993). The carotenoid metabolite retinol may be 
an important RAR signal, as discussed above. Simi- 
larly, metabolites of farnesyl pyrophosphate (FPP) 
have been postulated to regulate isoprenoid synthesis 
through FXR interactions (Forman et al, 1995a; Wein- 
berger, 1996). FPP in liver (0.4 ,u,M) (Bruenger and 
Rilling, 1988) is slightly lower than the micromolar 
farnesoids needed for FXR induction, but activation of 
a farnesoid metabolic shunt could increase the pool of 
FXR effectors in some dietary states. Critical evalua- 
tion of this hypothesis will require measurements of 
cellular farnesoid levels and their FXR-binding poten- 
tials. Finally, phytol metabolites may be nutritional 
signals linking the animal's dietary state with a variety 
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of endocrine and intracrine signaling pathways 
through the nuclear receptor RXR. As a model, we 
propose that these dietary lipids may coordinate gene 
expression for fatty-acid biosynthetic and oxidative 
enzymes by PPAR and RXR interactions. In conjunc- 
tion with farnesoids and FXR, these networks could 
regulate the flux of acetyl CoA from intermediary 
metabolism to meet cellular lipid needs during vari- 
able dietary conditions. 



ivieasure- 

tTb hytolme- 
wd UU l CO ui vaauus tissues during different nutritional 
states could be compared with their RXR-bindine 
properties to further test this hypothesis. 

To more firmly establish their physiological rele- 
vance, these and other orphan receptor ligands must 
also comply with a broader set of postulates analo- 
gous to those identifying the etiologic roles of bacteria 
tor animal diseases. Physiological effects mediated by 
phytanic acid must first be described. Animals raised 
on phytanic acid-depleted diets may offer one way to 
tpv? 1 ?* 686 cel1 Actions specifically controlled by 
KAK. These assayable end points might then lead to 
the purification of phytol metabolites from tissue ex- 
tracts, just as uterine cell changes in ovariectomized 
mice guided the isolation of estrogenic substances 
(Allen and Doisy, 1923). 
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